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Abstract

The high resolution emission spectrum of the Eu®* ion in the compound Eu(bpyO,),(CIO,),, where bpyO,=22"-bipyridine-1,1'-
dioxide, has been previously studied in solid state and frozen solution. The compound crystallizes in the monoclinic P2, space group with
the cell parameters a=14.730(1) A, b=13.585(1) A, c=22.967(2) A and 8=91.46(1)°. The coordination polyhedron can be described as
a distorted cube into a square antiprism with symmetry close to D,. The experimental emission quantum yield (g) was measured
according to a method previously described and a g-value of 15% was obtained. By using the structural crystallographic data a theoretical
ligand field and intensity analysis was carried out, and the sparkle model was applied to obtain the electronic structure of the organic part
of the compound. From these results, intramolecular energy transfer rates were evaluated according to a recently developed model. An
appropriate set of rate equations for the normalized populations of the levels involved was solved numericaly, by using the 4th order
Runge—Kutta method, and a theoretical g-value could be obtained (19.6%), which is in good agreement with experiment. A relevant
aspect is that the reason for this rather low g-value could be explained in terms of the relative position of the lowest ligand triplet energy
level with respect to the °D, and °D, levels of the Eu®" ion. The theoretical analysis has also shown that, in this compound, a slight

decrease in the energy of the ligand triplet level is sufficient to quench almost completely the Eu®* luminescence. [ 2001 Elsevier

Science BV. All rights reserved.
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1. Introduction

Much effort has been devoted to the design of new
luminescent lanthanide complexes suitable as agents which
have the potential to bind selectively and are strongly
luminescent as a result of an efficient energy transfer
process from the 7r7r* ligand excited states to 4f excited
states of the lanthanide ion. The efficiency of this process
is controlled by several factors and has been the subject of
both experimental and theoretical investigations [1]. Re-
cently, spectroscopy, photophysics and dynamics of ex-
cited states of europium complex with bpyO, [2] and two
classes of lanthanide cryptates bearing biisoquinoline
dioxide (bigO,) [3,4] and bpy and bigO, units [5] have
been reported. It has been found by Prodi et al. [5] and by
some of us [4] that both ligand-to-metal charge transfer
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(LMCT) states and ligand *77* states controlled the
energy transfer processes in both types of cryptates.

In the present work we report on the results of X-ray
diffraction and 4f—4f emission quantum yield (experimen-
tal and theoretical) for the compound Eu(bpyO,),(CIO,),,
where bpyO,=2,2"-bipyridine-1,1'-dioxide, focusing on
the investigation of the parameters governing the rather
low quantum yield (15%) observed in this compound. The
theoretical description of the emission quantum vyield is
based on a theoretical scheme that gathers the results from
the sparkle model for the calculation of lanthanide com-
plexes [6], implemented in the program MOPAC93, and a
model of intramolecular energy transfer in coordination
compounds [7,8]. Both models require the crystallographic
data as input. This scheme has proven to be useful in the
assignment of intramolecular energy transfer channels and
mechanisms, and in the identification of parameters gov-
erning the emission quantum yields [1]. The theoretical
analysis shows that this rather low emission quantum yield
value can be explained in terms of the energetic resonance
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condition between the lowest ligand triplet level and the
°D, and °D, levels of the Eu®" ion. It aso indicates that,
in the present case, there is no influence of LMCT states,
contrary to the case of macrocyclic ligands and in agree-
ment with the fact that in the spectra region studied here
no LMCT state could be detected.

2. Experimental
2.1. X-ray diffraction results

Single crystals of Eu(bpyO,),(ClO,), of formulae
C,oH3,Cl,EUN,O,, were obtained from CH,CN or from
water solutions [2,9]. The kind of solvent influences the
packing of the molecules in the structure so that the
crystals obtained from acetonitrile are much more stable.
However, crystals growing up from both types of solvents
are not of very good quality, which affects the results of
X-ray diffraction. The temperature of the diffraction
measurements varied from 4 K to 293 K. The measure-
ments were made in a Kuma KMA4CCD diffractometer
equipped with a CCD camera. Precise cell constants were
determined by the least-squares method on the grounds of
most of the data collection reflections. 23,707 reflections
were collected, of which 11,766 were unique and 9,802
unique observed. The data were corrected for the Lorentz
polarization effect [10]. The structure was solved by
Patterson techniques from the SHELXS86 program [11].
Positions of only a part of non-hydrogen atoms were
revedled, the remaining atoms were found by many
difference Fourier syntheses. The structure was refined by
the SHELXL93 program [12]. All non-hydrogen atoms

were treated anisotropically. Hydrogen atoms were found
geometrically and were refined with constraints. The
perchlorate anions are disordered in the crystal lattice and
in one of them an oxygen atom was not localized. In the
refinement process many restraints were applied, but a part
of them was released in the final stages of the structure
determination. The final conventional R-value was 0.119.

The compound crystallizes in the monoclinic P2, space
group with Z=4. The unit cell constants are a=14.730(1)
A, b=13.585(1) A, c=22.967(2) A and 8=91.46(1)°. The
Eu®" ion forms an eight-coordinated complex with
bipyridine dioxide in a similar way as the lanthanum
compound reported earlier [13]. In contrast to the structure
of the lanthanum compound, Eu®" ions are not equivalent
and occupy two positions, Eu(1l) and Eu(2), with some-
what different M—O distances. Moreover, Eu(1)-O(1a)
and Eu(1)-O(28) bond lengths with the same bpyO,
molecule differ meaningly, whereas in the lanthanum
complex they are the same. All M-O bond lengths are
shorter than the respective La—O bonds and longer than the
respective europium bonds with bpyO, and bigO, unitsin
cryptates [4,14].

The resultant structure, only for the Eu(l) site, is
depicted in Fig. 1. The complex can create two isomers.
Selected fractional atomic coordinates which were used in
the calculations are given in Table 1. The europium
complex with bpyO, create polyhedra which can be
described as intermediate between a square antiprism and a
dodecahedron with point symmetry close to D,. The data
indicate a deformation of the almost perfect cube in the
La(bpyO,),(ClO,), complex [13] and aso the effect of
decrease of ionic radius of the Eu®" ion on the formation
of the crystal structure. The angles between two pyridine

Fig. 1. An Ortep view of the Eu(1) complex with the atomic labels. The therma ellipsoids were drawn on the 20% probability. Hydrogen atoms were

omitted for clarity.
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Table 1

Fractional atpmic coordinates and equivalent isotropic displacement
parameters (A2) for selected atoms of the coordination sphere. U, is
defined as one third of the trace of the orthogonalized U;; tensor

X y z
Eu(1) 0.75131(4) 0.00207(7) 0.03750(3)
0(1a) 0.7203(11) 0.1360(15) —0.0312(8)
0(24) 0.8824(8) 0.0227(10) —0.0227(5)
O(1b) 0.7698(12) —0.1488(12) —0.0133(7)
o(2b) 0.6159(7) —0.0301(11) —0.0202(6)
0(1¢) 0.8858(8) —0.0336(11) 0.0978(6)
0(20) 0.7240(10) —0.1223(13) 0.1057(8)
o(1d) 0.7838(10) 0.1456(14) 0.0900(10)
0(2d) 0.6194(9) 0.0472(12) 0.0956(6)
Eu(2) 0.25246(12) 0.0055(2) 0.46220(5)
0(1¢) 0.1158(16) 0.0255(15) 0.4005(8)
0(2¢) 0.2718(14) 0.1275(14) 0.3906(7)
o(1f) 0.3849(17) —0.0438(18) 0.4075(8)
o(2f) 0.2213(14) —0.1410(13) 0.4117(7)
0(1g) 0.3831(14) 0.0563(18) 0.5161(10)
0(2g) 0.2277(11) 0.1659(17) 0.5101(7)
o(1h) 0.2713(13) —0.1149(17) 0.5337(7)
o(2h) 0.1244(13) 0.0056(22) 0.5226(11)

planes in the bipyridine molecules in the complex are in
the range 57.9-68.5° and 55.3-65.9° for the Eu(1) and
Eu(2), respectively, and are more opened than in the
cryptands containing this type of N-oxide groups [4,14].
These angles are influenced by steric constraints.

2.2, Spectral measurements

The luminescence spectrum of the Lu(bpyO,),(CIO,),
complex was obtained by scanning a 1 m double-grating
Jobin—Yvon U-1000 monochromator. The excitation wave-
length was selected by a 0.25 m Jobin—-Yvon H-10
monochromator, using a 150 W Xe lamp as the excitation
source. The light detection was performed by a water-
cooled RCA C31034 photomultiplier tube, the photocur-
rent signal being acquired through a EG& G discriminator
model 1182 and digitally stored by a Jobin—Yvon Spec-
tralink interface and a personal computer. The powder
sample was kept in a quartz Dewar flask at liquid nitrogen
temperature (77 K).

The excitation and emission spectra of the
Eu(bpyO,),(CIO,), complex were obtained by using a
SPEX DM3000F Spectrofluorometer with double-grating
0.22 m SPEX 1680 monochromators, and a 450 W Xe
Lamp as the excitation source. This set-up is equipped with
an Oxford LF205 liquid Helium flow cryostat, allowing for
measurements down to 4.2 K. The spectra are corrected for
the instrumental response.

Excited state decay-time measurements were performed
at 298 and 77 K using the 3rd harmonic of a Nd-YAG
laser (10 Hz) as the excitation source. The emission was
detected with a modified 1P28 photomultiplier tube, after
dispersion through a 0.25 m monochromator. A filter was
used to cut-off any residual laser light. The signal was then

analyzed on a boxcar. The temporal resolution of the
overall system is ca. 50 ns.

The emission quantum yield q is defined as the ratio
between the number of photons emitted by the Eu®" ion
and the number of photons absorbed by the ligand. The
g-value for a given sample can be determined following a
method which has been described in detail elsewhere [1]:

1-r A,
qx:< 1_rSXT><A(pSXT) Osr (1)
where r4; and r, are the reflectance of a standard phosphor
and of the sample, respectively, and qg; is the quantum
yield of the standard phosphor. The terms A®, and AP,
give the integrated photon flux (photons. s %) for the
sample and the standard phosphor, respectively. The values
of rg, ry, AP, and Ady were obtained for the same
excitation wavelength, geometry, powder layer thickness
(2 mm) and instrumental conditions. The quantum yield
standard was sodium salicylate (Merck PA.), which has a
broad band emission with a maximum at 450 nm and
g=60% at room temperature [1]. The reflection coeffi-
cients r were established by using MgO as a reflectance
standard (r=0.91 [1]). Three measurements were carried
out for each sample. The method is accurate within 10%.

The emission spectrum of Lu(bpyO,),(ClO,), a 77 K
is shown in Fig. 2, and consists of a broad band, peaked at
545 nm, ascribed to a ligand transition from the lowest
triplet state. The decay time of this emission is 2 s at 77
K. At room temperature the emission is completely
guenched.

Figp 3 presents the emission spectrum of
Eu(bpyO,),(CIO,), a 4.2 K. The emission lines can be
ascribed to the °D, — ‘F, (J=0-4) transitions of the Eu®"
ion. Very wesk °D, - 'F, emission lines can also be
observed. In contrast with the Lu(bpyO,),(ClO,), com-
plex, the ligand emission is no longer observable. The
emission spectrum at room temperature is essentially

Intensity (a.u.)

400 450 500 550 600 650 700
Wavelength (nm)

Fig. 2. The emission spectrum of Lu(bpyO,),(CIO,), a 77 K upon 360
nm excitation.
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Fig. 3. The emission spectrum of Eu(bpyO,),(ClO,), a 4.2 K, upon
ligand excitation (310 nm). @ gives the radiant power per constant
wavelength interval in arbitrary units. The labels refer to the J-values of
the final level of the emission transition °D, - 'F,. The inset shows an
amplification of the region around 540 nm where weak transitions from
the °D, level could be detected.

unchanged, apart from the disappearance of the 5Dl
emission lines and a dight decrease in the emission
intensity (viz. 10% upon 310 nm excitation). The lifetime
of the °D,, level of the Eu®" ion in Eu(bpyO,),(ClO,), is
589 ws at 77 K, decreasing to 540 ps at 298 K.

The excitation spectrum of the emission of
Eu(bpyO,),(CIO,), at 4.2 K is shown in Fig. 4, consisting
of two broad bands in the UV region, with maxima at 310
nm and 360 nm, and 4f—4f excitation lines. The intensity
of the band at 310 nm is about four times that of the band
at 360 nm. The excitation spectrum at room temperature
shows the same features, but the thermal quenching is
stronger for the band at 360 nm, which has its intensity
decreased by 40%, whereas the band at 310 nm decreases
by only 10%. Furthermore, the latter band broadens and

100

T T T

300

400
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Fig. 4. The excitation spectrum of the °D, emission (A,,,=611.4 nm) of
Eu®" in Eu(bpyO,),(ClIO,), at 4.2 K. The labels refer to the J-values of
the final level of the excitation transitions 'F, - °D, of the Eu®" ion. g,
gives the relative quantum output.

shifts its maximum to 315 nm. The room temperature
quantum yield of the Eu®" emission is 15% upon excita-
tion at 365 nm.

3. Theoretical analysis

The luminescence quantum yield depends on a balance
between absorption and radiative and nonradiative rates in
the compound, including intramolecular energy transfer
rates. This balance is usualy treated by a set of rate
equations, which describe the time evolution of the popula-
tions of the energy levels involved in the luminescence
process [1]. The rate equation for a given level, say p, has
the general form;

d

%: _(Zpip)np +12ij771' (2)
where P, represents a transition or transfer rate starting
from state |p) and P,; represents a transition or transfer
rate ending up in this state. The s stand for the normal-
ized populations of the states involved and in the steady
state regime al dn/dt are equal to zero. The system of rate
equations given by Eq. (2) can be solved either ana-
lytically or numerically under the condition 25, =1. A
procedure for numerical solutions by using the 4th order
Runge—Kutta method has proven to be quite useful [15].

For the case of the compound studied here an appro-
priate energy level diagram is shown in Fig. 5.

The necessary matrix elements involving the ligand
wave functions for the calculation of the energy transfer
rates were obtained from the sparkle model [6] by using
the crystallographic data presented in Section 2. The
transfer rate for each channel indicated in Fig. 5 was then
calculated on the basis of the theory developed in [7,8].
For the dipole—dipole, dipole-2" pole (A=2, 4 and 6) and
exchange mechanisms we have the following expressions,
respectively, for the transfer rate W, :

_E ezs_ e.d. IR (A) 2
M= Gy Do 2, 2 10 )
©)
2 e’ N 2
Wer = S Gy aE S w{edulad) @
and
8w ei(l- 00)2F< 'y J>2
T 3 (2J+1)Rﬁ a'Y|Se
2
3 |(¢]Zmmsm| )] ©

where the energy mismatch factor, F, has been given by
the following approximate expression:
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Fig. 5. Energy levels diagram showing the energy transfer channels used in the present analysis of the quantum yield of the luminescence in the complex
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where 4 is the ligand state band width at half-height and
A is the difference between the donor and acceptor
transition energies involved in the transfer process. In Egs.
(3) and (4) § is the dipole strength associated with the
transition ¢ — ¢’ in the ligand and G is the degeneracy of
the corresponding initial state. The quantities
(a'J'|U™M||ady are reduced matrix elements of the unit
tensor operators U", between the initid (aJ) and final
(a'J") manifolds of the lanthanide ion. The .Qi'd‘s corre-
spond to the forced electric dipole contribution to the
so-called intensity parameters of 4f—4f transitions and the
quantities vy, are given by:

)

(Ri+2)2

v= O+ Dl ACB) (- o) ©

where (r) is the radial expectation vaue of r” for 4f
electrons, (3|CV||3) is a reduced matrix element of the
Racah tensor operator CY and the o,s are screening
factors due to the filled 5s and 5p sub-shells of the
lanthanide ion [1]. In Eq. (5) Sisthe total spin operator (in
units of #) of the lanthanide ion, w, is the z component of

the dipole operator and s,, is a spherical component of the
spin operator both for the ligand electrons. The screening
factor o, is of the same nature as those appearing in Eq.
(7) (with A equal to zero). R is the distance from the
lanthanide ion to the region of the ligand molecule in
which the ligand donor (or acceptor) state is localized.
The radiative transition rates from the emitting level °D,
were calculated from the well-known theory of 4f—A4f
intensities [16], according to the procedure described in
[1,17]. Firstly, from the crystallographic data we have
performed a calculation of ligand field parameters, both of
even and odd ranks, and then we have proceeded with the
calculation of the forced electric dipole contribution to the
intensity parameters (.(Zi'd'), which are necessary to the
evaluation of the energy transfer rates by the multipolar
mechanism. An effective nonradiative decay rate, towards
the °D, level, equal to 10° s~ was assumed; a value
which is based on the risetime of this level in a coordina-
tion compound [1]. An approximate nonradiative decay
component from this level was obtained from the differ-
ence between the inverse of its lifetime and its total
radiative decay rate, without considering the forward and
back-transfer rates involved. From the ligand side the
values of the nonradiative rates for intersystem crossing
were assumed to be of the same order as those that have
been previously optimized for compounds with B-diketo-
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nate ligands [1,15]: ~10° s™*, for the S, T decay, and
~5x10° s™* for the T - S, decay.
The theoretical luminescence quantum yield is given by

[1]:
q _ 77(5Do)
theo ¢77(So)7(5D0)

Here ¢ is the photon absorption rate by the ligand, from
date |S,) to state |S,), and 7(°D,) is the radiative lifetime
of the °D, level.

(8)

4. Discussion

The focus of the present work is the emission quantum
yield. Following the procedure described in Section 3 we
have calculated, from Eqg. (8), a g-value equal to 19.6%,
which is in good agreement with experiment (15%). This
rather low g-value cannot be explained in terms of a
particularly important nonradiative decay channel from the
°D, level, due to coupling with a localized vibrational
mode, since no significant variation of the °D, lifetime
with temperature, from 77 K to 298 K, was detected. Also,
it cannot be explained in terms of the total radiative decay
rate from this level, since the present value of this quantity
(984 s™) is comparable with those found in compounds
with B-diketones ligands. Since our experimental data
show no evidence of the existence of LMCT states in the
spectral region studied, the analysis points to the relative
energy position of the ligand triplet level (18,394 cm™')
with respect to the °D, (19,070 cm™*) and °D,, (17,300
cm™ ') states of the Eu®" ion.

As in the cases of previous similar analyses [1,15], we
have noticed that the energy transfer pathway involving the
ligand singlet state S, has practically no influence on the
g-value. The fact that the triplet level lies ~700 cm™*
below the °D, manifold leads to a °D, — T back-transfer
rate which is higher than the corresponding forward rate by
a factor of approximately 30, both rates being largely
dominated by the exchange mechanism. For the °D, level
the forward transfer rate is higher than the corresponding
back-transfer rate by more than two orders of magnitude.
However, curiously enough, this is not sufficient to
compensate for the reverse situation that is found for the
°D, manifold, and the overall balance between rates leads
to alow g-value. This is certainly connected with the fact
that the °D, — T back-transfer rate is very high. It is higher

Table 2

than the forward transfer rate to the °D,, level by a factor
of 3.5. These transfer rate values are presented in Table 2.

A question may be raised on the influence of the
N-oxide groups on the energy position of the ligand triplet
state. The emission spectrum of isolated bipyridine in solid
state at 77 K shows an emission band peaked at 390 nm,
which is assigned to the S, — S, fluorescence, and a band
pesked at 540 nm which is assigned to the TS,
phosphorescence [18]. This latter band coincides, in shape
and position, with the triplet emission observed in the
Lu(bpyO,),(CIO,), compound (Fig. 2). Thus, no influ-
ence of the N-oxide groups on the triplet state seem to
occur, though these groups lead to a higher chemical
stability, in comparison with the bpy ligand, due to their
donor characteristics. An interesting and relevant fact is
that we have aso performed a calculation of the g-value
by decreasing the energy of the triplet state and have found
that a slight decrease in this energy, by say 500 cm ™%, is
sufficient to quench the Eu®" luminescence almost com-
pletely. This fact might suggest the compound here studied
as a sensor for pressure [15]. On the other hand, deriva
tives of the bpy ligand bearing groups that raise the triplet
energy are expected to increase the emission quantum
yield.
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